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a  b  s  t  r  a  c  t

A  combination  of  turbidimetric  titration,  a sigmoidal  Boltzmann  equation  approach  and  Monte  Carlo
simulation  has  been  used  to  study  the  complex  coacervation  in  serum  albumin  and  pectin  mixtures.
The  effects  of  the  mass  ratio  of protein  to polysaccharide  on the  critical  pH values,  the  probability  of
complex  coacervation  and  the  electrostatic  interaction  from  charge  patches  in serum  albumin  were
investigated.  Turbidimetric  titration  results  showed  an optimum  pH  for  complex  coacervation  (pHm),
which  corresponded  to the maximum  turbidity  in the protein/polysaccharide  mixture.  The  pHm mono-
tonically  decreased  as the ratio decreased,  and could  be  fitted  using  the sigmoidal  Boltzmann  equation.  It
suggests that  pHm could  be  a good  ordering  parameter  to  characterize  the  phase  behavior  associated  with
protein/polysaccharide  complex  coacervation.  Qualitative  understanding  of  pHm by taking  into  account
the  minimization  of  electrostatic  interaction,  as  well  as  quantitative  matching  of pHm according  to  the
concept  of charge  neutralization  were  both  achieved.  Our  results  suggest  that the  serum  albumin/pectin
complexes  were  ultimately  neutralized  by  the partial  charges  originated  from  the titratable  residues
omplex coacervation
inding

in  protein  and  polysaccharide  chains  at pHm.  The  Monte  Carlo  simulation  provided  consistent  phase
boundaries  for  complex  coacervation  in the  same  system,  and  the  intermolecular  association  strength
was  determined  to be several  kBT  below  the  given  ionic  strength.  The  strongest  binding  site in  the  pro-
tein  is  convergent  to the largest  positive  charge  patch  if pure  electrostatic  interaction  was  considered.
Further  inclusion  of  contribution  from  excluded  volume  resulted  in  the  binding  site  distribution  over five
different  positive  charge  patches  at different  protein/polysaccharide  ratios  and pH values.
. Introduction

Complex coacervation in protein and polysaccharide mixtures
s an associative liquid–liquid phase separation. It has broad
pplications in microencapsulation, protein purification, and the
tabilization of food emulsions etc (Dickinson, 2008; Liu, Low,

 Nickerson, 2010; Xu, Mazzawi, Chen, Sun, & Dubin, 2011).
undamental investigations of the complex coacervation in pro-
ein/polysaccharide mixtures from multi-length scales, including

olecular interactions, binding, association of molecules and phase
ehaviors are critical not only for scientific research, but also for
ovel functional materials development.

Currently, various protein/polysaccharide mixtures have been

sed in food processing and products, pharmaceutical process-

ng and controlled release etc., depending upon their chemical
pecificities, physical properties and biocompatibility (Dickinson,
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2003). Understanding the interactions involved in the stabiliza-
tion of protein/polysaccharide coacervate is not straightforward
(Dickinson, 1998). The elementary interactions largely rely on
extrinsic physicochemical conditions including temperature, pH,
ionic strength, concentration, and protein/polysaccharide ratio etc.,
as well as the intrinsic characters of biomacromolecules such as
charge density of polysaccharide chains and distribution of sur-
face charge in proteins. The widely accepted major interaction
contributed to complex coacervation is the electrostatic interac-
tion (Gummel, Boue, Clemens, & Cousin, 2008) and sometimes
the depletion force when neutral polysaccharide was included
(Dickinson, 2008). Beyond the interactions, at tens of nanometer to
micrometer scale, both the long range interaction network (associ-
ation) and the steric stabilization (packing) play an important role
during complex coacervation. A certain degree of packing and asso-
ciation strength is imperative to form visible phase domain, and to

sustain the phase domain against thermo fluctuation. There are two
limits in protein/polysaccharide mixtures (Bohidar, Dubin, Majhi,
Tribet, & Jaeger, 2005): in the protein-rich mixture, polysaccharide
chains were confined in a continuum of protein-rich domains; in

dx.doi.org/10.1016/j.carbpol.2013.09.056
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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olysaccharide-rich mixture, proteins were dispersed in transient
eshes constructed by polysaccharide chains in semi-dilute solu-

ions. Under these limits, complex coacervation may  be inhibited
ecause of non-neutralized charges when one of the biopolymers

s in excess (Schmitt, Sanchez, Desobry-Banon, & Hardy, 1998). Sys-
ematic study of the complex coacervation of well-known proteins
nd polysaccharides using a combination of computation simula-
ion and experiments is a good approach to understand how the

olecular association and microstructure change with complex
oacervation. Our recent work on complex coacervation of bovine
erum albumin (BSA) and pectin (Ru, Wang, Lee, Ding, & Huang,
012) indicated that phase boundary (the critical pH where global
hase separation occurred) shifted with the initial composition of
SA and pectin. We  continue to work on the same system from
ifferent angles to reveal the determinant which contributed to
he phase behaviors associated with protein and polysaccharide
omplex coacervation.

BSA is a well-known model protein in complex coacervation
tudy. Dubin and others have published a number of papers in the
omplex formation of BSA with poly(diallyldimethylammonium
hloride) (PDADMAC)-based polyelectrolytes (Antonov, Mazzawi,

 Dubin, 2010; Bohidar et al., 2005; Grymonpre, Staggemeier,
ubin, & Mattison, 2001; Kayitmazer, Strand, Tribet, Jaeger, &
ubin, 2007; Li, Mattison, Dubin, Havel, & Edwards, 1996; Seyrek,
ubin, Tribet, & Gamble, 2003; Xia, Dubin, & Dautzenberg, 1993; Xu
t al., 2011). Phase boundaries, binding affinity and the structure in
hese complexes have been systematically investigated. They intro-
uced the concept of charge patches, which were defined as a part
f the protein providing strong binding to a given polyelectrolyte,
o facilitate the understanding of binding “on the wrong side of pI”,
ith pI the isoelectric point of a protein. As a classic model protein,
SA has been intensively studied, and the charge patch concept is
xtremely helpful in understanding the versatile capabilities of BSA
o form complexes with various polyelectrolytes. For example, Laos
t al. found that both BSA and �-lactoglobulin carried an average
et charge of the same sign as the furcellaran when they formed
omplexes (Laos, Brownsey, & Ring, 2007). Recently, we used an
lternative definition of charge patches, which consist of spatially
eighbored titratable residues (i.e., solvent accessible and charged
esidues) of the same sign of charges. Our approach was inspired
y the concept of binding sites in proteins which provide topologi-
al pocket to bind given molecules (Del Carpio, Takahashi, & Sasaki,
993), also provided meaningful details of BSA complex coacerva-
ion with a polycation through Monte Carlo simulations (Li, Shi,
uang, & An, 2012). Furthermore, Chodankar, Aswal, Kohlbrecher,
avrin, and Wagh (2008) studied the BSA/sodium polystyrene
ulfonate (NaPSS) complexes using small-angle neutron scatter-
ng (SANS), and found equilibrium distributions of polyelectrolyte
hains in saturated (charge neutralized) or free bound proteins
s well as complexes in supernatants or in coacervates. BSA has
lso been studied in a wide range of food related areas including
mulsion stability (Dickinson, 2003; Tolstoguzov, 2003), encap-
ulation and release (Burova et al., 1999; de Kruif, Weinbreck, &
e Vries, 2004), surface adsorption (Brzozowska, de Keizer, Norde,
etrembleur, & Stuart, 2010; Brzozowska, Zhang, de Keizer, Norde,

 Stuart, 2010; Wang, Ho, & Huang, 2007), multiple layer assem-
le for biosensors (Caruso & Mohwald, 1999), macro-encapsulation
or scaffold development (Toh, Ho, Zhou, Hutmacher, & Yu, 2005)
tc. Therefore, fundamental studies of the protein/polysaccharide
omplex coacervation in BSA solutions have broad impacts.

Pectin, a polysaccharide extracted from fruits, is tradition-
lly used as a gelling agent. It has also received considerable

ttentions because of its capability to form complex coacer-
ate. Jones et al. prepared nanoparticles with different structures
nd aggregation proneness using complex coacervates of �-
actoglobulin and pectin through different thermal treatments
ers 101 (2014) 544– 553 545

(Jones, Decker, & McClements, 2010). Schmidt et al. used SANS
to study lysozyme/pectin complex, and found that increasing
charges in pectin chains could enhance the packing of proteins
(Schmidt, Cousin, Huchon, Boue, & Axelos, 2009). Bedie et al.
studied the encapsulation of thiamine using whey protein iso-
late/pectin complexes, and found that the complexes had optimum
entrapment efficiency at pH 3.5 (Bedie, Turgeon, & Makhlouf,
2008). Wang et al. have studied the effects of salt concentra-
tion and protein/polysaccharide ratios on the assembly, structure
and rheological properties of �-lactoglobulin/pectin complexes
(Wang, Wang, Ruengruglikit, & Huang, 2007; Wang, Lee, Wang,
& Huang, 2007). Researches related to the complex coacervation
using pectin and proteins were also found in several comprehen-
sive reviews (Dickinson, 1998, 2003; Tolstoguzov, 2003). Although
many researches related to pectin-based complex coacervation
have been reported, thorough understanding of the role of pectin
in the coacervation process is far from clear.

In this work, we used a combination of turbidimetric titration,
and theoretical approaches particularly Monte Carlo simulation
to study the complex coacervation in serum albumin/pectin mix-
tures. A set of turbidimetric titration experiments, and the Monte
Carlo coarse grained model based on the specified charge distri-
bution in serum albumin and polysaccharide (PS), pectin in this
work were first described. Subsequently, we presented the effect
of the mass ratios of protein/PS on titration curves and the optimum
pH for complex coacervation. A tentative theoretical understand-
ing of this effect by taking into account of energy minimization and
charge neutralization was  provided. In the simulation part, phase
boundaries associated with percolation concepts and simulation
configurations were determined and compared with experimental
observation. The binding affinity of charge patches in protein and
the structure in the mixtures were also thoroughly studied. Finally,
findings obtained from this work and results related to the effects
of protein/PS ratio on complex coacervation were also discussed in
detail.

2. Materials and methods

2.1. Turbidimetric titration experiments

Bovine serum albumin (BSA) was purchased from Sigma Chem-
ical Co. (Lot: 058K0726, St. Louis, MO). LM-Pectin with 31%
esterification (Danisco A/S, Denmark) was purified by dialysis
(MWCO  = 12,000) followed by freeze-drying, similar to the proce-
dure used in our previous works (Ru et al., 2012; Wang, Wang,
et al., 2007; Wang, Lee, et al., 2007). Sodium chloride (NaCl), sodium
hydroxide (NaOH) and hydrochloric acid (HCl) were purchased
from Fisher Scientific (Pittsburgh, PA). All solutions for the titration
experiments were prepared using Milli-Q water.

Solutions of BSA to pectin mass ratios (˛) ranging from 9:1
to 1:9 were titrated whereas the total concentrations of BSA and
pectin mixtures were kept at a constant of 3.0 mg/mL, and the
salt (NaCl) concentration was fixed at 0.1 M.  At this salt concen-
tration, the small amount of ions released from either protein or
polysaccharide became negligible. In the control titration of pure
BSA or pectin saline solutions, the concentration of biopolymer was
fixed at 2.5 mg/mL  with the same salt concentration. The pH meter
(Thomas Scientific 8025) was calibrated with two buffers of pH 4.0
and 7.0, respectively, and the turbidity detector (Brinkman PC 910
colorimeter equipped with a 1 cm path length optical probe and a
420 nm filter) was calibrated by Milli-Q water. The turbidity, which

was defined as (100 − 100 * I1/I0)%, was  used to detect the aggrega-
tion and the phase separation in samples. Here I0 and I1 are the
intensities of the incident and transmitted light, respectively. All
solutions (except two  solutions in control titrations which were
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Fig. 1. The distribution of charge patches in serum albumin native structure (PDB:
1e7i) and in coarse grained protein model. Red based color shows the top largest
positive charge patches, and from red to ruby the size of charge patch decreases;
blue based color represents the top largest negative charge patches, from blue to
gray  the size of charge patch decreases. Each charge patch is represented by a hard
46 Y. Li et al. / Carbohydrate 

djusted to pH 2.0 instead) were adjusted to pH 8.0 using 0.1 M
aOH, followed by filtering through 0.45 �m VWR  syringe filters
rior to titration. To minimize the dilution arising from titration,

ow concentration (0.1 M)  and high concentration (6 M,  only used
hen pH < 2.0) HCl solutions were used to adjust the pH of the
ixtures under magnetic stirring. All titration experiments were

arried out under ambient conditions, and samples were allowed
o equilibrate for 5 min  before a droplet of titrating solution was
dded to minimize kinetic perturbation during titration.

.2. Monte Carlo simulation

.2.1. Model
Serum albumin was modeled as a soft sphere with charge

atches. The equivalent radius of the sphere is 30 Å (Bendedouch &
hen, 1983) which is a coarse-grained model based on the native
tructure of human serum albumin (HSA, PDBid: 1e7i). In all the
85 residues, 100 residues are potentially positive charged (R, K, H
nd N-term) and 116 residues are potentially negative charged (D,
, Y and C-term). The pK values of these ionizable residues were set
ccording to a recent report (Pace, Grimsley, & Scholtz, 2009). By
egarding the exposed residues assigned by DSSP (Kabsch & Sander,
983), the 71 positive charged residues and 92 negative charged
esidues (i.e., titratable residues (Tanford & Kirkwood, 1957)) can
e assembled into charge patches when the beta-carbons (C�) in
ny two titratable residues (bring same sign of charges) approach
o less than 12 Å. Such a cut-off was referred to the full structural
ngerprint related to protein thermostability (Li & Fang, 2010), and
he optimum cutoff for interface alignment-based docking algo-
ithm design (Sinha, Kundrotas, & Vakser, 2012). The location of
ach patch, which was the geometrical center of all C� atoms of
esidues in the patch (referred to the geometrical center of the
rotein), was recorded by internal coordinates. The size of each
atch was tentatively set as one-third of the radius of gyration of
hese C� atoms. The partial charge held brought with each residue
as calculated according to acid-base equilibrium described in our

ecent work (Li et al., 2012). Finally, each charge patch was mod-
led by a hard sphere with the partial charge loaded in the center
f the sphere. Finally, the coarse-grained model for serum albumin
ncluded a large soft sphere to represent the excluded volume of the
rotein, and hard spheres to present charge patches as illustrated

n Fig. 1.
Pectin was modeled as a freely jointed chain (FJC) with a string

f soft beads. Each bead represents a disaccharide segment with
 radius of 5.0 Å (Marcelo, Saiz, & Tarazona, 2005; Marszalek, Li,
berhauser, & Fernandez, 2002), and loads a partial charge derived

rom the dissociation of COOH group. Though there may  be some
ranches in the pectin sample used in this work, we  still approxi-
ately model it as linear chain for simplicity. Solvent was implicitly
odeled as a dielectric continuum in this work. It is worthy to note

hat in the simulation model, all charges are located in the center of
ard spheres, which avoids zero-distance contact known as Man-
ing condensation (Manning, 1969) during electrostatic interaction
alculation.

.2.2. Potential
The potential to guide the Monte Carlo simulation was defined

s

 =
∑

i,j

UVDW(i, j) +
∑

i,j

[UELE(i, j) + UHS(i, j)] (1)
The first summation is computed from all protein–protein pairs,
rotein–bead pairs and bead–bead pairs, and the second sum-
ation is against all patch–patch pairs, patch–bead pairs and
sphere, and the green mesh represents the excluded volume of the whole protein.
(For  interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article.)

bead–bead pairs. The van der Waals potential is calculated through
Lennard-Jones potential

UVDW(i, j) = εij

[(
�ij

rij

)12

− 2

(
�ij

rij

)6
]

(2)

where rij is the distance between coarse-grained particles i and j,
�ij = (�i + �j)/2 and εij = √

εiεj with �i and εi (fixed at 1.0kBT in
this work with kB the Boltzmann constant) are the van der Waals
radius and the potential well. The electrostatic potential (ELE) was
calculated through Debye–Hückel approximation, i.e.

UELE(i, j) = �BkBTuiuj/rij exp(−rij/�D) (3)

Here ui, uj are the partial charges brought by charge patches and PS
beads in electric charge unit, �B is the Bjerrum length which is 7 Å in
water under ambient condition, �D is the screening length which
equals 9.74 Å and corresponds to 0.1 M monovalent salt solution.
The hard-sphere (HS) potential was defined as

UHS(i, j) =
{

+∞, ∀rij < (�i + �j)/2

0 otherwise
(4)

It is only applicable for interactions involving charge patches, in
order to avoid steric overlapping when strong electrostatic attrac-
tion overcomes van der Waals repulsion from the whole protein.

2.2.3. Simulation and complex identification
In Table S1 (see supplementary information) we presented the

parameter settings used in the Monte Carlo simulation, and the sim-
ulation configuration updating and conformation sampling were
described elsewhere (Li et al., 2012). In brief, the simulation was
guided under Metropolis rule (Metropolis, Rosenbluth, Rosenbluth,
Teller, & Teller, 1953), and a reasonable truncate of 18 Å for electro-
static potential calculation (Norberg & Nilsson, 2000) was  adopted
to speed up the simulation. To achieve configurations under ther-
modynamic equilibrium, we  first evenly dispersed proteins and
PS chains in a simulation box, followed by 6 × 105 MCS  relaxation

without electrostatic interaction to avoid artificially induced local
enrichment of molecules. Here, each MCS  represents the simulation
time where all PS beads and proteins have one attempted move-
ment on average. Then another 6 × 105 MCS  simulation with all
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Fig. 2. Turbidimetric titration as a function of protein/polysaccharide ratio (top),
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nd control titration of BSA and pectin saline solutions (bottom). The arrows label
ut the pH with maximum turbidity in control titration experiments. The NaCl
oncentration is fixed at 0.1 M.

nergy terms was carried out starting from the final configuration
fter the first stage of simulation. Simulation configurations were
ecorded in every 104 MCS  in each trajectory. Finally, we collected
00 configurations by taking the final 25 configurations from four
arallel trajectories (different initial placements of molecules in
imulation box and different random seeds during both stages of
imulations) for the results presented below.

A complex or a complex coacervate is formed through inter-
olecular association. Two molecules are associated only if

 < � kBT. Here U is the intermolecular interaction which is the
um of all interaction pairs between two molecules according to
q. (1). � is −1 representing random associations which can be
isassociated by thermal fluctuation, and more negative standing
or stronger association. A complex contains at least one PS chain
nd one protein, which further trapped more molecules to form
oacervate once a geometric percolated aggregate was  formed in a
imulation configuration.

. Results

.1. Turbidimetric titration

The turbidimetric titrations of BSA/pectin mixtures at different

atios, and the control titration curves of BSA or pectin saline solu-
ions were shown in Fig. 2. It can be seen that the pH window for the
ormation of complex and complex coacervate is almost unchanged
gainst the protein/polysaccharide ratio (˛). The maximum
Fig. 3. The pHm is plotted against the mass fraction of pectin and fitted by sigmoid
Boltzmann equation with different thresholds. The NaCl concentration is fixed at
0.1 M.

turbidities are high when protein is in excess, and decrease when
more PS chains replaced proteins. Most interestingly, the optimum
pH where the turbidity reaches a maximum (named as pHm) grad-
ually shifts to lower pH values as  ̨ decreases. According to the
control titration curves of pure BSA or pure pectin saline solutions,
either titrated from pH 8.0 to pH 1.0 (labeled as 8 = >1 in Fig. 2)
or in reverse direction (labeled as 2 = >8), we  obtained the critical
pH value for pure BSA saline solution at 4.64 (an average of the
peak values at both curves), and 1.84 for pectin solution. The for-
mer critical pH may  be referred as the pI of BSA, which was reported
to be 4.70 (Ge, Kojio, Takahara, & Kajiyama, 1998; Li, Lee, Lal, An, &
Huang, 2008). The latter is lower than the pKa of pectin reported as
3.50 (Kalapathy & Proctor, 2001), instead, we selected the threshold
corresponding to the initial aggregation of pectin chains trying to
provide quantitative understanding of the critical pH values in the
complex coacervation. The hysteresis shown in the control titra-
tion curves is almost negligible, which suggests the apparent shift
of turbidity curves and the pHm in BSA/pectin mixtures is origi-
nated not from the kinetics in the liquid–liquid associative phase
separation (i.e., coacervation), but of thermodynamic factors.

3.2. Theoretical understanding of pHm

It seems that pHm brings abundant information toward the
understanding of turbidity titration data. At first, we  plotted pHm

values against the mass fraction of pectin, fPS which can be directly
calculated by (1 + ˛)−1 and shown in Fig. 3. We  then fitted the pHm

versus fPS using sigmoid Boltzmann equation, which has been used
to describe the gelation in polymer solutions (Li, Sun, Shi, & An,
2004; Li et al., 2007). The equation is written as

pHm = pHPS

{
1 + pHPRO − pHPS

pHPS

[
1 + exp

(
fPS − fPS,c

�fPS

)]−1
}

(5)

In this equation, �fPS is a constant fitting parameter of 0.1, and
fPS,c is a transition point: below it, pHm has strong dependence on
fPS; above it, pHm is almost independent on fPS. The pHPRO and
pHPS are the critical pHs where protein and polysaccharide may
endure significant change in their properties. The best fit with a

correlation coefficient of 0.998 provided pHPRO and pHPS of 4.24
and 1.89, and fPS,c got a value of 0.36 which corresponds to  ̨ value
of 1.75:1. The predicted pHm values using pHPRO and pHPS values
according to the known critical values (4.70 and 3.50 for pHPRO
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nd pHPS, respectively), the control titration experiment (4.64 and
.84) were also presented for comparison. The experimental results
eviated from the curves generated from either the known criti-
al values for protein and polysaccharide or the control titration
easurements for pure protein and pure pectin, suggesting that

ertain thermodynamic factors could contribute to the shift of
Hm with stoichiometric change. Furthermore, since the sigmoidal
oltzmann equation maybe a representative equation to describe
he ordering parameter coupled with reversible gelation (Li et al.,
004; Navarro-Verdugo, Goycoolea, Romero-Melendez, Higuera-
iapara, & Arguelles-Monal, 2011), it indicates that the pHm could
e a good ordering parameter to characterize the phase behavior
ssociated with protein/polysaccharide complex coacervation, and
he coacervation is somehow similar to physical gelation.

To further understand the physical nature behind pHm, we
ttempt to locate pHm using the concepts which assume that the
ystem either has a minimum in interaction potential, or is ulti-
ately charge neutralized. In the first case, we assume that there is

 reversible equilibrium between protein/polysaccharide complex
nd their isolated forms. It can be expressed as �PRO + PS � PS-
RO�, and [PS-PRO�] = kc [PRO][PS] with kc the equilibrium
onstant. Then the interaction potential in the system can be writ-
en as

 = [PRO]E(�PRO, �PRO) + [PS]E(�PS, �PS) + [PRO − PS�]E(�PRO, �PS)

(6)

ere �PS is the charge density (partial charges per unit mass)
f polysaccharide, contributed from the dissociation of carboxyl
roup and has a maximum of −0.69/mPS (e.u./Da) according to
he 31% esterification of the sample. �PRO is the charge density
f a BSA at a given pH, where the charges can be contributed
rom the dissociation of carboxyl group and the protonation of
mide group. It can be contributed from either titratable residues
i.e., solvent accessible and charged residues) or all charged
esidues in the protein. The average molecular weight of pectin
onomer mPS is 181 Da, and the molecular weight of BSA is

6,172 Da. Since the electrostatic interaction dominates the final
hase equilibrium, the pair-wise interaction can be modeled by the
erjaguin–Landau–Verwey–Overbeek (DLVO) potential (Russel,
aville, & Schowalter, 1989)

(�i, �j) = �i�j�B
e�i/�D

1 + �i/�D

e�j/�D

1 + �j/�D

∑
r

e−r/�D

r
(7)

Here �i represents the radii of protein or polysaccharide bead.
he

∑
() is the sum of electrostatic interaction in the distance

anging from �i + �j to �i + �j + 12�D. To simplify the calculation by
aking into account the effects of the protein to polysaccharide ratio
n the interaction potential profile change, Eq. (6) can be rewritten
s

(˛, pH, kc) = ˛E(�PRO, �PRO) + E(�PS, �PS) + kc˛E(�PRO, �PS) (8)

Therefore, at a given  ̨ (or fPS) and a fixed kc, the potential E(˛,
H, kc) has a minimum at the critical pH. We  plot the critical pH val-
es against different equilibrium constants kc, and the results are
hown in Fig. 4. The critical pH shifts to a lower value as fPS increases
r kc decreases. The best matched critical pH region based on pHm

hanges from 4.24 to 1.89 when kc is between 50 and 100 with
he mass ratio of BSA to pectin in the same experimental setting
ange. It indicates the association proneness of BSA and pectin is
uite high. The critical pH variation range is slightly narrower than

he experimental observation, which suggests more detail should
e taken into consideration for better prediction of the critical pH
alues. Nevertheless, the summation of DLVO potential qualita-
ively represents the shift of pHm to a lower value as the fraction of
Fig. 4. The critical pH values which corresponding to the minimum DLVO poten-
tial  at given mass fraction of polysaccharide were plotted against the equilibrium
constants.

pectin increases, by considering either all charged residues or only
titratable residues.

As for the second case, a number of reports have indicated
that the complex coacervation is a result of charge neutraliza-
tion (Antonov et al., 2010; Mekhloufi, Sanchez, Renard, Guillemin,
& Hardy, 2005; Sanchez et al., 2002; Weinbreck, Nieuwenhuijse,
Robijn, & de Kruif, 2003; Xu et al., 2011). In this system, at pHm,
the mixtures should have the least net charge. To verify this point,
we calculated the net charge density in the mixture, �SYS (in unit
of e.u./Da) through

�SYS = �PS + ˛�PRO (9)

�SYS as a function of pH and fPS, in consideration of all charged or
titratable residues, and then merge the pHm values were shown in
Fig. 5. It can be seen that at pHm, all mixtures are slightly positively
charged. In the consideration of charge neutralization between
titratable residues and PS chains, all pHm points are located in very
low net charge region with less than 1.0 × 10−3 e.u./Da. Whereas
in the consideration of charge neutralization between all charged
residues and PS chains, the net charge of the mixture has a higher
value (>1.2 × 10−3 e.u./Da), except when PS is largely in excess,
the net charge falls to low net charge density again. This result
clearly shows that the titratable residues rather than all charged
residues participated in the charge neutralization during pro-
tein/polysaccharide complex coacervation.

3.3. Monte Carlo simulation

Monte Carlo simulation on the BSA/pectin mixture system was
also used to reveal more details. Typical snapshots of simulation
configurations under thermodynamic equilibrium were shown in
Fig. 6. The largest aggregate in each snapshot was  identified by set-
ting � = −2. The pH range is from 2.0 to 5.5, which covers the pH
window for complex coacervation in BSA/pectin mixtures. In all
situations, protein–PS association is always the major scenario in
complex formation as well as subsequent aggregation for complex
coacervation. At the different protein/PS ratios, complex coacer-
vate can also be formed through other pathways. For example, in
the ratio of 5:1 samples, protein is in excess, aggregates can be
enlarged through the packing of proteins; in the ratio of 1:5 sam-

ples, PS is in excess, coacervation can be promoted through the
entanglement of PS chains; while in the ratio of 1:1 samples, both
the packing of proteins and the entanglement of PS chains can
facilitate coacervation. In the former two cases, small amount of
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Fig. 5. Charge neutralization of BSA and pectin mixture in consideration of titratable residues in protein surface (left) and all chargeable residues in BSA (right). The NaCl
concentration is fixed at 0.1 M.

Fig. 6. Snapshots of simulation configurations under thermodynamic equilibrium. Each column shows configurations at different PRO/PS ratio of 5:1, 1:1 and 1:5, and each
row  presents configurations from pH 2.0, 3.5, 4.7 and 5.5. In each snapshot, gray lines show the periodic boundaries, cyan beads, red/blue spheres, and green bulbs represent PS
beads,  positive/negative charge patches and the excluded volume of proteins, respectively. The purple colored out the largest aggregate in each snapshot. (For interpretation
of  the references to color in this figure legend, the reader is referred to the web version of the article.)
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ig. 7. Percolation probability (left) and the volume fraction of the largest aggregate
ssociation strength cutoffs.

olecules were trapped in the largest aggregate, while in the last
ase, a large amount of molecules can be enclosed in the largest
ggregate because the mixture is highly charge-neutralized. Sim-
larly, significantly more molecules are entrapped in the largest
ggregation also can be observed when pH approaches to 3.5.

We then calculated the percolation probability (i.e., the num-
er of percolated samples out of the 100 configurations under
hermodynamic equilibrium) and the size (i.e., the volume frac-
ion in simulation box) of the largest aggregate using the method
escribed before (Li et al., 2012). The results with intermolecular
ttraction thresholds of −2, −6 and −10kBT were presented in Fig. 6.
hen � was adjusted to represent aggregate with stronger inter-
olecular association, both the percolation probability and the size

f the largest aggregate decreased. Upon decreasing pH, the initial-
zation of complexation took place at high pH (e.g., ∼11.0), while
omplex coacervation occurred at relatively low pH (e.g., ∼5.0).
hese two pH values are similar to the pHc and the pH� as reported
n literatures (Weinbreck, de Vries, Schrooyen, & de Kruif, 2003; Xu
t al., 2011). However, the difference between them is prominent,
he simulation shows complex in much broader pH range, larger
han that from experimental observation, suggesting that the initial
inding behavior of protein/polysaccharide may  not cause visible
urbidity increase. Furthermore, the positively charged patches in
rotein contained arginine and lysine, both have high pKa values
f 12.0 and 10.5 respectively, still bring some positive charge at
igh pH. It can attract pectin chains with negative charges to form
omplex. The onsets of the sharp increase of the percolation prob-
bilities and the size of the largest aggregates are quite consistent,
nd they are very close to the turbidimetric titration measure-
ent. The shapes of pH-dependent profiles also agree well with

xperimental observation, except for the ratio-dependant varia-
ion in pHm. The pHm from simulation is around 3.5, a value close to

ost of the pHm values from turbidimetric titration measurements,
ut failed to represent the ratio dependence. This failure may  be
ontributed from multiple reasons, such as charge induced persis-
ence length chain in pectin chains is not considered in current
reely jointed chain model, charge regulation during complexation

Boral & Bohidar, 2010; da Silva & Jönsson, 2009; Lund & Jönsson,
005) and contour-ion condensation (Turgeon, Schmitt, & Sanchez,
007) are not counted. Future simulation works taking consider-
tion of persistence length of polysaccharide chains and explicit
) as a function of the protein/polysaccharide ratio and pH at different intermolecular

solvent to address their contributions are undergoing. Neverthe-
less, the highly consistent results of the phase boundaries from
Monte Carlo simulation to the turbidimetric titration experiment
suggest that the implement of percolation concepts and the coarse-
grained model used in this work is capable to simulate key features
of the complex coacervation in BSA/pectin mixtures (Fig. 7).

Furthermore, since electrostatic interaction usually dominates
complex coacervation in protein/polysaccharide mixtures, the
binding sites in proteins which are bound to charged polysac-
charides should be in charge patches. It should be noted that the
binding site in a protein may  contain multiple residues with differ-
ent properties, we  limited it to charge patches because electrostatic
interaction dominated the binding behavior in this system. To
make clear how the features of charge patches contribute to their
binding affinity, we calculated the average electrostatic interaction
contributed by each charge patch, and plotted it against pH and
the partial charge (Fig. 8). Overall, the charge patches with more
charges have larger intermolecular electrostatic interactions. The
strongest binding occurs at pH from 4.0 to 6.0, and the strongest
repulsion occurs on those patches brought large amount of nega-
tive charges. Among the three ratios shown, protein charge patches
have the strongest binding affinity in the ratio of 1:1 samples. At all
ratios and pH values, the charge patches with the strongest binding
affinity to PS chains through electrostatic attraction are conver-
gent to the largest positive change patch, the one in red color as
illustrated in Fig. 1. Therefore, the largest positive charge patches
are the most important binding sites for complex coacervation in
BSA/pectin mixtures through electrostatic attraction.

4. Discussions

Through the comparison of the pH windows in which complex
coacervation takes place in BSA/pectin mixture, both turbidimet-
ric titration and Monte Carlo simulation present almost identical
phase boundaries. When the ratio of BSA to pectin increases, the
experimental results suggest that a maximum turbidity of the mix-
ture appears at the ratio between 5:1 and 2:1, while the simulation

results present that it is between 2:1 and 1:2. This difference sug-
gests that either the coarse grained model or the potentials guiding
the simulation need further improvement to replicate all details of
complex coacervation in protein/polysaccharide mixtures. Factors
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rom  strong attraction to strong repulsion. (For interpretation of the references to c

uch as explicit solvent in the model to consider the condensation
ffect (Seijo, Ulrich, Filella, Buffle, & Stoll, 2009) and the regulation
f charges (Seijo, Ulrich, Filella, Buffle, & Stoll, 2008; Ulrich, Seijo,
aguecir, & Stoll, 2006) during complexation, and charge induced
onformation change of pectin chains may  allow the observation of
he pHm shift with ratio. Furthermore, in the association of protein
nd PS chains, other interactions, such as hydrophobic interaction
nd depletion potential may  also play non-negligible roles. The dif-
erence in the ratio may  also come from the different contributions
o complex coacervation in turbidimetric titration experiments and
n simulations. In turbidimetric titration experiment, as shown in
ig. 2, the association of BSA has a large contribution in increas-
ng turbidity than pectin. In simulation, we applied the concepts
rom geometric percolation to identify complex coacervate, where
olysaccharide chains (Rg ∼ 57 Å) have a larger contribution than
rotein (Rg 30.0 Å) in enlarging the complex domain. The relatively

ower contribution of proteins in simulation resulted in the opti-
um  ratio of BSA/pectin complex coacervation to be lower for

imulation than the titration experiments. Overall, the matched pH
indows of complex coacervation strongly suggested that the sim-
lation had grasped the major feature of complex coacervation.
he simulation also suggests that the intermolecular association
trength is at several kBT, a typically strength in soft condense
atter which represents the reversible association under physical

nvironmental perturbations (Zaccarelli, 2007) and the strength of
onic bond with low salt (Spruijt, van den Berg, Stuart, & van der
ucht, 2012).

The existence of pHm reported here may  also widely exist during
omplex coacervation in other protein/polysaccharide mixtures,
nd can be experimentally observed as long as the total biopoly-
er  concentration is in a proper range. The occurrence of pHm can

e easily understood based on previous reports by Gummel et al.
2008) and Zhang and Shklovskii (2004), where complex cores were
ltimately charge neutralized. The isoelectric complex cores could
urther aggregate widely, resulting in a high turbidity. The ratio
ependence of pHm can be described using sigmoidal Boltzmann
quation, suggesting that the ratio can be an efficient factor to mon-
tor the preparation of complex coacervate. The attempt to interpret
Hm using the minimization of interaction potential revealed that
he equilibrium in the complex coacervation shifted as the protein
o polysaccharide ratio changed. By taking into account of charge
eutralization, pHm was found to locate in the region which had
ery small net charge by the summation of partial charges brought
y titratable residues and polysaccharide chains. The simulation
esults also suggested a constant pHm value at pH 3.5, which was

ocated in the charge neutralization region and was insensitive to
he ratio change. This critical pH value has been reported as the
ptimum entrapment condition for whey protein isolate/pectin
omplexes (Bedie et al., 2008). Meanwhile, the simulation results
erent pHs and ratios. The colors from blue to red show the electrostatic interactions
 this figure legend, the reader is referred to the web version of the article.)

also suggest that the aggregates reach the largest sizes at pHm,
which is in agreement with the titration experiments.

Finally, we  found that the strongest electrostatic interaction
occurred when the charge patches contained the highest amount
of positive charges. In reality, the real binding site in a protein is
also dominated by its accessibility to PS chains. Thus, we calcu-
lated the total interaction energy (using Eq. (1)) contributed from
each patch. The patches with the strongest attractive interaction in
all pH values and under the same BSA to pectin ratio were summa-
rized in Table S2 (see supplementary information). For electrostatic
interaction, the largest positive charge patch (patch I) is always the
strongest electrostatic interaction contributor, but is not always the
most energy favorable binding site in the presence of van der Waals
potential and the excluded volume effect of charge patches. Instead,
there is a tradeoff between electrostatic attraction and excluded
repulsion, and the most important binding site in proteins varied
in 5 non-identical patches (patch II is actually a subset of patch I)
at various pH values and ratios. As the strongest attractive charge
patch, patch I is quite conservative in protein-rich mixtures and in
binding to other proteins at low pH region. While patches from II to
VI became the most important binding sites in the mixtures where
the polysaccharide turned out to be the major component, their
binding affinity with PS chains dominated the attractive interac-
tions of charge patches. This result suggests that the binding sites
of BSA may  not be determined purely based on the anisotropic
distribution of charged residues, a conventional way  to identify
binding sites of BSA as reported in literatures (Antonov et al., 2010;
Grymonpre et al., 2001).

5. Conclusions

In this work, we used a combination of turbidimetric titra-
tion, sigmoidal Boltzmann equation and Monte Carlo simulation
to understand the complex coacervation in protein and anionic
polysaccharide mixtures. The effects of pH and the ratio of pro-
tein to polysaccharide on intermolecular association and complex
coacervation, interactions from charge patches and the distribu-
tion of binding sites were investigated. The coarse grained Monte
Carlo simulation combined with percolation concepts can present
the identical phase boundary of complex coacervation in serum
albumin and pectin mixtures as that determined from titration
experiments. The condition for the maximum turbidity in the mix-
tures was found to be associated with charge neutralization of
titratable residues and polysaccharide chains. We  also identified

the most important binding sites in protein responsible for non-
selective electrostatic attraction and the binding sites accessible
for polysaccharide chains. The approach introduced in this work is
applicable to other protein/polysaccharide systems, and provides a
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ay to better understand the complex coacervation in biopolymer
omplex fluids.
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